Abstract. This paper presents a noncontacting thermoelectric method that can be used to characterize the prevailing residual stress in shot-peened specimens. This novel method is based on magnetic detection of local thermoelectric currents in the compressed near-surface layer of metals when a temperature gradient is established throughout the specimen. Besides the primary residual stress effect, the thermoelectric method is also sensitive to the secondary "material" effects of shot peening (local texture, increased dislocation density, hardening), but it is entirely insensitive to its "geometrical" by-product, i.e., the rough surface topography. Our experimental results in copper indicate that the developed method is more sensitive to residual stress effects than to the secondary material effects, but unequivocal separation of residual stress relaxation from the parallel decay of secondary cold-work effects is generally not feasible. However, since the ratio of residual stress to cold work is primarily determined by the material and the specific surface treatment used, the thermoelectric method still offers the unique capability of nondestructively monitoring thermomechanical relaxation below the treated surface. Preliminary results on IN100 nickel-base superalloy are also presented to demonstrate that the proposed method might be applicable to a wide range of alloys including high-strength, high-temperature engine materials.
Introduction
It is well known that surface properties play a major role in determining the overall performance and, in particular, the fatigue resistance of structural components. Shot peening, one of the most popular surface improvement methods, induces compressive stresses in the surface layers of metallic parts via bombarding the surface with a stream of high-velocity shots as shown schematically in Fig. 1 . As the plastically deformed surface layer tries to expand relative to the intact interior of the specimen, residual compressive stress develops parallel to the surface at shallow depths, while beneath this layer a reaction-induced tensile stress results. Generally, the compressive stress at the surface may be several times greater than the subsurface tensile stress. This near- surface compressive stress offsets any service-imposed tensile stress, retards fatigue crack nucleation and growth, and ultimately extends the fatigue life of the part. As Fig. 1 illustrates, in addition to the primary residual stress effect, shot peening also causes an adverse geometrical side effect by roughening the surface and certain relatively subtle variations in material properties, such as increased hardness and texture, that are consequences of the significant plastic deformation through cold work.
In the rare cases when full credit is taken in the design process for the imparted nearsurface residual stress, very expensive and time-consuming manufacturing controls must be put in place to ensure that the part is properly peened. Nondestructive evaluation (NDE) of the specimen would often be desirable to verify the actual level of residual stress, though the process itself is simple and reliable enough so that, under well-controlled conditions, there could be little doubt that the protective surface layer of compressive residual stress is there. Still, manufacturers and users often do not take credit for shot peening because there is a fear that even properly peened parts might lose their protection via unpredictable stress release during service if the component is exposed to high temperatures. NDE of residual stress could eliminate these concerns and would permit the user to take full advantage of shot peening.
Residual stress analysis by nondestructive methods is a highly developed field using a great variety of different physical principles ranging from radiography to ultrasonics, electromagnetism, and ferromagnetism to assess the absolute level and relative distribution of elastic stresses prevailing in the material [1] . The most advanced technique for measuring residual stress in crystalline materials is based on X-ray diffraction (XRD), which measures changes in atomic interplanar spacing to determine the magnitude of the prevailing elastic strain (stress). Neutrons can penetrate many millimeters into most engineering materials, while X-rays are typically absorbed within a surface layer of 5-20 µm. In comparison, the crucial compressive part of typical residual stress profiles ranges from 50 to 500 µm. Therefore, residual stress assessment by XRD is nondestructive only within a very shallow surface layer. To obtain detailed depth profiles of the residual stress distribution, successive layers are removed, usually through etching or electropolishing, i.e., in a destructive manner. The removal of material also alters the stress field, and thus requires theoretical corrections of the measured values. Furthermore, since the method probes only the surface, the results can be easily skewed by spurious effects in the extremely shallow top layer. In spite of the troublesome and destructive sectioning required by the low penetration depth, XRD is probably the most accurate and reliable method for residual stress assessment in surface-treated metals. One of the main reasons for this is that XRD methods are not significantly influenced by additional variations in material properties such as hardness, plastic strain, or texture [2] .
In recent years, several candidate methods for nondestructive stress evaluation were identified, including neutron diffraction, magnetic methods (Barkhausen noise and magnetostriction), thermal methods, ultrasonics, and eddy current methods. As we mentioned above, the neutron diffraction method is based on the same physical principle as XRD, but the penetration depth of neutron beams, depending on the material, could be as high as a few centimeters, i.e., approximately three orders of magnitude larger than that of X-rays. In contrast to the common XRD method, neutron diffraction can be used to map the residual stress profile below shot-peened surfaces in a truly nondestructive way with a depth resolution of ∼ 100µm and accuracy of ∼ 50 MPa, and it can be used to measure the average compressive stress with an even better accuracy [1] . Among the biggest obstacles to employing neutron diffraction in nondestructive inspection of crucial engine parts and other aircraft components are the lack of availability of appropriate neutron sources, the scarcity of "beam time," bulkiness, very high expenses, and hazards associated with neutron beam sources. Magnetic methods are applicable only to ferromagnetic materials, which excludes most engineering materials of interest to the aerospace industry, such as aluminum, titanium, stainless steel, and nickel-base superalloys. For many years, eddy current and ultrasonic methods have been considered to be the most promising NDE candidates. However, one important disadvantage of shot peening is that it makes the surface of the specimen rough, which not only negates some of the positive effects of compressive residual stresses via unwanted stress concentrations, but also prevents the accurate assessment of the prevailing stresses by eddy current and ultrasonic methods. In ductile materials such as copper, the root-mean-square (rms) surface roughness and the correlation length typically increase from 2 to 10 µm and from 50 to 200 µm, respectively, as the peening intensity increases from Almen 2 to Almen 16. As a general rule, the penetration depth of the compressive residual stress is roughly three times the correlation length of the spurious surface roughness. In most cases of practical importance this unwanted but inherent surface roughness is the primary reason why conventional NDE techniques cannot be exploited for residual stress assessment in shot-peened specimens.
For a long time, the characteristic dependence of ultrasonic velocity on stress has been thought to be very promising for residual stress measurements in materials [3] [4] [5] , though these expectations have remained largely unfulfilled as far as shot-peened specimens are concerned. The main problem in the practical utilization of most ultrasonic techniques is the difficulty of separating the effects of stress on the surface wave velocity from those of surface roughness [6, 7] and, to a lesser degree, from those of cold work such as localized texture [8] and increased dislocation density [9] . Although a few methods have been proposed to separate texture and residual stress effects [10] [11] [12] [13] , these methods are limited to finding a difference between principal stresses in the surface plane of the sample. However, the residual stresses created by shot peening are the same in every direction in the plane of the surface, so these methods would not be helpful in determining their absolute value.
To assess the sought residual stress, each factor must be identified and separated from the overall measurement. Unfortunately, among all the different effects of shot peening, the primary residual stress effect is often the least persistent and the first to disappear, or at least substantially decay, under normal operation conditions. Some of the secondary material effects might persist much longer and can be completely eliminated only by full recrystallization, which usually cannot occur even under the most severe operational conditions. Finally, the most adverse side effect of shot peening, namely, the rough surface topography, is the most persistent of all. It is unaffected at best or even exacerbated by extended service and cannot be eliminated without mechanically polishing the surface.
Theoretically, dispersion of Rayleigh-type surface waves in the ultrasonic frequency range could be exploited to characterize the residual stress distribution below shotpeened surfaces. However, in most materials the stress dependence of the ultrasonic velocity (the so-called acoustoelastic effect) is rather weak and the relative velocity increase under bi-axial compressive stress is less than 0.5% even at stress levels equal to the yield strength of the material. At the same time, for corresponding values of surface roughness and correlation length, the relative drop of the surface wave velocity is typically 2-3 times larger. Correction for this much larger and opposite effect of surface roughness is essentially impossible, since the ratio between the residual stress-induced velocity increase and the surface roughness-induced velocity decrease becomes worse and worse during service as a result of thermally induced stress release. In addition, near-service localized texture will also decrease the surface velocity at higher inspection frequencies, which further complicates the problem.
Lavrentyev et al. conducted an extensive feasibility study [14] to establish whether the stress-depth profile in shot-peened specimens can be determined from the frequency dependence of the measured surface wave velocity as previously suggested in the literature. This study has shown that the residual stress effects are usually overshadowed by the surface roughness-induced dispersion and, to a lesser degree, by texture. For example, in smooth 7075-T351 aluminum specimens, the surface wave velocity was found to increase approximately 0.5% under a maximum external compressive stress equal to the yield strength of the material, but the surface wave velocity measured on shot-peened specimens always decreased with increasing peening intensity. What is more, the velocity difference between low-stress-ground and shot-peened parts of the same specimen was essentially unaffected by annealing, which clearly indicates that the observed dispersion is dominated by surface roughness scattering. These negative results were recently confirmed by Glorieux et al. using noncontacting laser ultrasonic methods over a very wide frequency range [15] .
Eddy current conductivity measurements were found to suffer from essentially the same limitation. This is not surprising since eddy currents exhibit similar "surface hugging" behavior as Rayleigh-type surface waves (though the penetration depth is inversely proportional to the square root of frequency rather than to frequency as in the case of surface waves). The pressure variation of electrical conductivity was the focus of intensive research as early as in the late 1930s [16] and was more recently suggested as a practical solution to the residual stress assessment problem [17] . In paramagnetic materials, such as aluminum and titanium alloys, the electrical conductivity is known to increase by approximately 1% under a maximum compressive stress equal to the yield strength of the material, i.e., by roughly twice as much as the previously discussed surface wave velocity. However, the electrical conductivity measured on shot-peened specimens typically decreases with increasing peening intensity, often as much as 2-3% [14, 18] . Again, the relative conductivity difference between low-stress-ground and shot-peened parts of the same specimen is essentially unaffected by annealing, which clearly indicates that the observed phenomenon is due mainly to surface roughness, which increases the path length of surface-hugging eddy currents.
Because of the diminishing contribution of the slowly fading residual stress effect during long-term service, any NDE method that is expected to reliably characterize the thermal relaxation process in shot-peened metals must be entirely insensitive to the persistent surface roughness effect. Therefore, we propose the development of a novel noncontacting thermoelectric method based on magnetic detection of local thermoelectric currents in metals when a temperature gradient is established throughout the specimen. In the following we present experimental evidence that suggests that this method can detect and quantitatively assess the weighted average of the compressive residual stress within the shallow surface layer of shot-peened specimens.
Noncontacting Thermoelectric NDE
It is well known that thermoelectric techniques are unique among methods used in nondestructive materials characterization in that they are solely sensitive to intrinsic material variations, regardless of the size, shape, and surface quality of the specimen to be tested. Essentially all existing thermoelectric NDE methods are based on the well-known Seebeck effect, which is commonly used in thermocouples to measure temperature at the junction between two different conductors. Ideally, regardless of how high the temperature difference between the junctions is, only thermocouples made of different materials, i.e., materials of different thermoelectric powers, will generate thermoelectric signals. This unique feature makes the simple thermoelectric tester one of the most sensitive material discriminators used in NDE.
The thermoelectric power of metals is sensitive to a variety of material properties that can affect the measurement. Clearly, chemical composition exerts the strongest effect on the thermoelectric properties, and accordingly, the basic application of thermoelectric materials characterization is metal sorting [19] . However, it is known that materials of identical chemical composition can also produce an efficient thermocouple as a result of different heat treatments, hardening, texture, fatigue, etc., which can be further exploited for nondestructive testing of materials [20] [21] [22] [23] . Of particular interest in our current study is the well-known dependence of the absolute thermoelectric power on stress [24] [25] [26] [27] , a phenomenon that can be exploited for residual stress assessment in shot-peened specimens. The fact that identical materials under various levels of elastic stress can also produce an effective thermocouple was first discovered by Bridgman in 1918 [27] and has been since considered as an adverse effect that distorts the temperature values measured by thermocouples at elevated pressures. Like most physical effects considered "adverse" in one area, the stress dependence of the thermoelectric power turns out to be a great "asset" in another area, namely, in nondestructive assessment of residual stresses.
As we mentioned above, the fundamental assumption in nondestructive thermoelectric testing is that identical materials do not produce any thermoelectric voltage, so very small differences in thermoelectric power can be unequivocally detected by using a reference electrode that is similar to the material to be tested. However, the inherently imperfect contact between the specimen and the reference electrode can produce a significant thermoelectric signal even if the measuring electrodes are made from the very same material as the specimen [22] . This thermoelectric offset can be reduced, but not entirely eliminated, by decreasing the thermal and electrical resistance between the specimen and the reference electrode (e.g., via cleaning or imposing higher contact pressure). Ultimately, the presence of this imperfect contact limits the detectability of small variations in material properties by the conventional thermoelectric technique. When subtle effects such as the presence of residual stresses, texture, hardening, fatigue damage, or weak impurities are to be detected, the best sensitivity can be achieved by using the surrounding intact material as the reference electrode. This so-called self-referencing method not only provides an ideal reference material, but also automatically eliminates the above-mentioned spurious thermoelectric offset caused by having a less than perfect artificial interface between the part to be tested and the surrounding intact reference material.
It was recently demonstrated that self-referencing thermoelectric measurements can also be done in an entirely noncontact way by using high-sensitivity magnetic detectors to sense the weak thermoelectric currents around inclusions and other types of inhomogeneities when the specimen to be tested is subjected to directional heating or cooling [28] [29] [30] [31] [32] . Figure 2 shows a schematic diagram of self-referencing thermoelectric measurement with noncontact magnetic sensing. External heating or cooling is applied to the specimen to produce a substantial temperature gradient in the region to be tested. As a result, different points on the boundary between the host material and the inclusion will be at different temperatures, and therefore also at different thermoelectric potentials. These potential differences will produce opposite thermoelectric currents inside and outside the inclusion. The thermoelectric current forms local loops that run in opposite directions on the two sides of the inclusion relative to the prevailing heat flux, as is indicated in Fig. 2 . When the specimen is scanned with a sensitive magnetometer, such as a fluxgate or SQUID detector, the magnetic field of these thermoelectric currents can be detected even when the inclusion is buried below the surface and the sensor is far away from the specimen. The noncontacting thermoelectric technique is very sensitive to the presence of foreign body inclusions when the thermoelectric power of the affected region is significantly different from that of the surrounding medium [28, 30, 31] . The question arises whether mere plastic deformation of the material can produce a perceivable thermoelectric contrast with respect to the surrounding intact host. To answer this question, Fig. 3 compares the magnetic scans of two apparently similar 9.53-mm-diameter surface holes in copper. Figure 3a corresponds to a semispherical hole produced by low-stress milling, which is expected to generate only negligible hardening and residual stress below the machined surface. In this case, no detectable magnetic field was observed from a 2-mm lift-off distance at ∇T ≡ 0.05
• C/mm temperature gradient. In comparison, Fig. 3b shows the results from an otherwise similar semispherical indentation produced by pressing a stainless steel ball into the material in a manner that simulates a single impact during shot peening. As a result of plastic deformation, the surrounding material below and around the indentation is substantially hardened and supports significant residual stresses. The resulting peak magnetic flux was measured at ∼35 nT, i.e., approximately 60 dB above the noise-limited detection threshold of the fluxgate magnetometer used in these experiments.
The main concern in connection with shot-peened surfaces is not necessarily the presence, degree, and penetration depth of the produced residual stress directly after surface treatment, but rather whether the stress have been significantly reduced or even eliminated by thermally induced stress release after a long time spent in service. In order to demonstrate that the proposed thermoelectric method could readily detect this change, Figs. 3c and d show the magnetic images of the same two specimens after annealing in a vacuum furnace for 30 min at 700
• C. All the effects of plastic deformation during indentation, as well as the much weaker manufacturing texture found in the original bar stock, are gone. As a result, the thermoelectric currents are also eliminated and the measured magnetic field is essentially zero.
The above measurements demonstrate well that the proposed thermoelectric method is entirely insensitive to surface topography and therefore is uniquely suitable for nondestructive assessment of residual stress below shot-peened surfaces. Whether the observed thermoelectric contrast is due mainly to the presence of residual stresses or to the other previously mentioned material effects of cold work remains to be answered on a caseby-case basis. At least in the case of copper, some information is already available in the scientific literature on both the stress dependence of the thermoelectric power and the effect of cold work. Bundy measured the thermoelectric voltage of a thermocouple formed between two identical wires when one of them was subjected to compressive pressure [24] , a technique originally developed by Bridgman [27] . Similarly, Kropschot and Blatt measured the thermoelectric voltage produced by a thermocouple made from the same cold-drawn pure copper wire after annealing one leg to eliminate the existing texture and hardening [33] . In relative terms, the stress-and cold-work-induced variations of the thermoelectric power are similar to those of the ultrasonic velocity and electrical conductivity, as they all change about 1% when the stress approaches the yield strength of the material. However, the thermoelectric power can be easily measured without any interference from geometrical variations, therefore lending itself much better to nondestructive assessment of near-surface residual stresses in shot-peened metals.
Thermal Stress Release
In this paper, we present the results of a detailed experimental investigation of all the material properties that change significantly during shot peening, in order to establish how they individually and collectively affect the recorded magnetic signatures and to verify that the residual stress effect dominates the outcome of the measurement. Different surface treatments produce not only different residual stress amplitudes and penetration depths, but, even more important, different cold-work amplitudes and penetration depths exhibit very different thermal relaxation behaviors. In some materials, the penetration depth and the particular depth profile of the residual stress will not change significantly during thermally activated stress release [34] . Figure 4 shows a schematic illustration of such proportional stress relief (solid lines), which does not affect the normalized depth distribution of the residual stress, though it significantly reduces its magnitude. However, this model neglects that certain types of surface treatments, especially shot peening, Fig. 4 . A schematic illustration of proportional stress relief that does not affect the normalized depth distribution of the residual stress and enhanced stress relief due to near-surface cold work.
impart a very strong cold work to the material, which substantially reduces the stress relaxation temperature at shallow depths below the surface. Therefore, in many cases, the relaxation directly at and below the surface is much stronger than at larger depths, and the depth profile of the residual stress distorts significantly during the relaxation. Since the thermoelectric method measures a weighted average of the material variation below the surface, absolute calibration of the technique is very difficult if not impossible. Instead, as in many other cases of nondestructive materials characterization, we have to rely on empirical calibration curves that are obtained separately for different materials, different surface treatments, and possibly even different levels of surface treatment.
In the absence of substantial surface hardening, microhardness, which is particularly easy to measure, can be used to characterize the degree of cold work. Figure 5 shows the measured Rockwell F hardness of cold-rolled C11000 copper as a function of annealing temperature in a vacuum furnace of 30 min. There is a sharp drop at around 440
• C, where recrystallization occurs. However, it is expected that on shot-peened specimens the residual stress and cold-work effects start to decay well below this temperature because of the higher degree of cold work directly below the shot-peened surface.
Experimental Results on Shot-Peened Specimens

Sample Preparation and Optical Characterization
Recognizing that both the surface treatment and the thermal stress release processes are susceptible to random uncertainties and inevitable variations, five series of 12.7 mm × 38.1 mm × 500 mm C11000 copper specimens have been shot-peened to different degrees of intensity ranging from Almen 2 to Almen 16 in steps of 2 over areas of 25.4 mm × 25.4 mm. The peening was done by commercially available Z-600 ceramic beads of 0.6-0.85 mm in diameter to a nominal coverage of 100%. In order to further reduce uncertainties caused by the presence of cold-work-induced hardening and texture and intrinsic microstructural variations, all specimens were annealed for 30 min at 600
• C in a protective nitrogen atmosphere, following machining but before shot peening. First, the shot-peened specimens underwent a detailed surface analysis to establish their rms roughness and correlation length. Figure 6 shows examples of the measured correlation functions (dashed lines) and best-fitting exponential distributions (solid lines) for shotpeened copper specimens using a WYKO NT-2000 scanning white light interference microscope. The goal of these measurements was to help obtain a better understanding of the relationship between the penetration depth of the compressive residual stress and the correlation length of the rough surface topography and to verify that the inherent random variations of the surface treatment process are under control. The rms value of the surface roughness increased from ∼2µm to ∼10µm as the peening intensity increased from Almen 2 to Almen 16. On the average, the correlation length was 15 times higher than the rms roughness, which is very similar to the ratio found in other ductile materials such as 7075 aluminum.
Thermoelectric Measurements
In the next step, all the specimens were inspected by the noncontacting thermoelectric technique. Figure 7 shows the schematic diagram of the noncontacting thermoelectric method as used for the characterization of shot-peened specimens [35] . Since the generated magnetic field is perpendicular to both the heat flux in the specimen (parallel to the surface) and the gradient of the material property (normal to the surface), the magnetometer was polarized in the tangential direction as shown in Fig. 7 . Characteristic magnetic profiles were obtained from the shot-peened copper specimens along with that of an unpeened bar at ∇T ≡ 0.25 • C/mm temperature gradient and 2-mm lift-off distance. Because of the relatively low level of the magnetic signatures to be measured, special measures were taken to eliminate spurious effects of the Earth's magnetic field, magnetic interference from the electrical power system and surrounding instruments, and other extraneous magnetic sources. These protective measures were discussed in great detail in reference [31] . Figure 8 shows the measured magnetic signatures on three series of C11000 copper specimens before and those of two series after stress release for 30 min at 315
• C as functions of the shot-peening intensity at 2-mm lift-off distance and 0.25
• C/mm temperature gradient. On the intact specimens (i.e., before stress release) the peak-to-peak value of the measured magnetic flux density increased from ∼5 nT to ∼20 nT as the peening intensity increased from Almen 2 to Almen 16, and the variation within the three series was found to be at an acceptable level. In comparison, on the stress-released specimens the magnetic flux density was approximately 75% lower. 
X-Ray Diffraction Measurements
In order to separate the individual effects of residual stress on one side and cold-workinduced texture and hardening on the other side in the measured thermoelectric signature, XRD measurements were conducted by Lambda Research of Cincinnati after different degrees of partial stress release. XRD residual stress measurements were performed using a two-angle sine-squared-psi technique, in accordance with SAE J784a, employing the diffraction of Mn K-alpha radiation from the (311) planes of the FCC structure of the C11000 series copper. The residual stress distributions of two series of shot-peened specimens are presented in Fig. 9 . One series was as received after shot peening (solid Fig. 9 . Subsurface residual stress distribution in an intact and a stress-released series of C11000 copper specimens as measured by X-ray diffraction.
circles, solid lines), while the other series was stress released for 30 min at 315
• C (open circles, dashed lines). Because of the previously described destructive nature of the XRD residual stress profile measurements, it was necessary to compare the results from two nominally identical but statistically somewhat different series of specimens. The residual stress data taken from the intact shot-peened specimens without stress release show that the maximum compressive layer can be always found slightly below the surface. Generally, the results indicate increasing depth of compression with increasing intensity. The surface residual stress slightly decreases in magnitude as the peening intensity increases, which is typical of work-hardening materials. The residual stress data taken after a 315
• C partial stress release show a substantial reduction in residual stress at all Almen intensities. Fig. 10 . Subsurface cold-work distribution in an intact and a stress-released series of C11000 copper specimens as measured by the (311) diffraction peak width.
As a by-product of the above-described residual stress measurement, the obtained XRD data can also be used to quantitatively assess the degree of cold work below the shot-peened surface. In work-hardening materials, the diffraction peak width increases significantly as a result of an increase in the average microstrain and the reduced grain size produced by cold working [1] . In copper, the (311) diffraction peak width in particular is indicative of how the material has been processed, the degree to which it has been plastically deformed, and its hardness. Figure 10 shows the subsurface cold-work distribution for the intact and annealed series of shot-peened C11000 copper specimens that were previously described in connection with Fig. 9 . The results before stress release indicate that maximum cold work occurs at the surface of the shot-peened samples. The maximum cold work does not differ significantly with peening intensity, but the depth of the plastically deformed layer appears to increase slightly with increased peening intensity. After the 315
• C partial stress release, the cold work is essentially gone at all Almen intensities.
Another effect of cold work in the material is the development of a localized subsurface texture, which can also be studied by XRD. Figure 11 shows the plane (200) back-reflection pole figures for four C11000 copper specimens of different shot-peening intensities (light and dark gray indicate areas of 50-100% and 100-200% intensity relative to the average, respectively). Generally, the pole figures of all samples appear to have a nearly random azimuthal orientation. The unpeened specimen exhibits a "spotty" appearance, which decreases with increasing peening intensity. The lack of preferred orientation in the azimuthal direction indicates that the initial annealing successfully removed the original texture of the bar stock as intended. After shot peening, the plane of the surface still remains essentially isotropic, but the emergence of a perceivable polar texture clearly shows the effect of substantial plastic deformation at the surface. The results indicate that a slight localized texture is created below the surface by shot peening, which is revealed by the preferred orientation of the (200) planes parallel to the surface. It was found that, like the subsurface cold work, this texture was also completely eliminated by annealing at 315
• C for 30 min. In polycrystalline materials, texture can be either morphologic or crystallographic in origin. Although shot peening can lead to both kinds of texture, the crystallographic type, which is actually measured by XRD, is not expected to cause a detectable thermoelectric signature in cubic materials such as copper, since cubic crystals are completely isotropic from both thermal and electrical points of view [36] . Therefore, the thermoelectric effects of texture are caused solely by morphological features, such as oriented dislocations, slip bands, and grain boundary imperfections, and are generally very weak. In comparison, titanium alloys, which preferentially crystallize in hexagonal symmetry, do exhibit crystallographic texture that is much stronger than the accompanying morphological texture [32] . Figure 12 summarizes the main quantitative results of our investigation on the shotpeened specimens before stress release. The different geometrical and physical parame- ters are shown as functions of the shot-peening intensity in copper. It should be mentioned that the cold-work data were converted into true plastic strain by calibration on a series of compressed coupons. The most important observations we can make from these results are that the peak value of the residual stress is rather insensitive to the peening intensity and that directly after shot peening the more variable parameter is not the peak value, but rather the penetration depth of the compressive residual stress, which is approximately three times deeper than the correlation length of the surface roughness. The penetration depth of the cold-worked region is roughly half that of the residual stress, and the degree of cold work is also relatively insensitive to the peening intensity.
Discussion
Initially, we had two series of shot-peened copper specimens stress released at 315
• C for 30 min. Figure 8 showed the magnetic signatures of three series of C11000 copper specimens before and those of two series after stress release. In order to further investigate the parallel decay of residual stress and cold work and their combined effect on the measured thermoelectric signature, we conducted a number of additional experiments. The remaining third partially stress released series, which was not destroyed by XRD measurements, was further annealed first again at 315
• C, and then at 460
• C, and finally at 600
• C (all heat treatments were done for 30 min) and the magnetic signatures were recorded after each step. In order to study lower levels of stress release, the two additional series of intact shot-peened specimens were stress released at 235 and 275
• C, then tested by the thermoelectric technique, and finally also tested by XRD measurements. Figure 13 shows the peak-to-peak amplitudes of the magnetic signatures recorded on all of the C11000 copper specimens as functions of the shot-peening intensity at different stages of stress release. The partial stress relaxations at 235 and 275
• C resulted in only modest 30% and 50% drops in the magnetic signature, respectively, while the repeated annealing at 315
• C (second time) and 460 • C further reduced the amplitude. Finally, there was no detectable magnetic signature left after full recrystallization at 600
• C. Figure 13 shows that the measured magnetic signature is essentially a linear function of the shot-peening intensity and that this signature gradually decreases during relaxation to essentially zero in fully recrystallized specimens. These trends are very promising for the feasibility of nondestructive monitoring of thermal relaxation in shot-peened copper specimens, but they do not provide unequivocal evidence whether the magnetic signature is caused mainly by the presence of residual stresses, the presence of cold work, or a certain combination of both. One thing, however, is already clear from our previously shown results in Fig. 10 . Since the cold work appears to be completely gone after partial stress release for 30 min at 315
• C while roughly half of the average residual stress is still retained, the 75% drop in the magnetic signature indicates that the residual stress contribution cannot be less than 50%.
In order to better separate these two effects, we had a second series of XRD measurements conducted on the less relaxed 235 and 275
• C specimens. Figure 14 shows examples of the residual stress and cold-work profiles recorded on these specimens. These figures give a relatively detailed picture of the initial relaxation process, though the accuracy of the very expensive and time-consuming destructive XRD measurement is obviously less than sufficient to precisely map these distributions, and some of the ruggedness of the profiles was certainly caused by experimental errors. The accuracy of the residual stress measurement was estimated at approximately ±25 MPa, while the accuracy of the peak width measurement is approximately ±0.15
• , which translates into approximately ±10% plastic strain. Figure 15 shows the thermal relaxation of the integrated residual stress, integrated cold work, and peak-to-peak magnetic signature in copper C11000 for different Almen intensities. In order to avoid that the integrated profiles be dominated by the experimental errors at large depths where the true values are very low, we assumed that the residual stress and cold work are zero wherever their magnitude was less than their respective errors, i.e., 25 MPa and 10%. A statistical comparison of these integrated residual stress and cold-work results to the magnetic signature revealed that in shot-peened C11000 copper, on the average, ∼64% of the thermoelectric signal is due to residual stresses.
The above experimental results clearly verify the feasibility of nondestructive evaluation of thermal relaxation in shot-peened C11000 copper. Although the development of a quantitative residual stress measurement method might require additional more accurate and more detailed tests, the obvious next question to be addressed is whether the thermoelectric method is applicable to other engineering materials of special interest to the aerospace industry. In particular, it is very important to develop NDE techniques for high-strength, high-temperature engine materials such as nickel-base superalloys. Therefore, as a final experiment, we conducted additional thermoelectric measurements on two series of shot-peened IN100 specimens both before and after partial stress relaxation. Figure 16 shows the average peak-to-peak amplitude of the magnetic signatures recorded on IN100 nickel-base superalloy specimens as a function of the shot-peening intensity before and after partial stress release (∼2.5
• C/mm temperature gradient). The most important difference between our thermoelectric results in IN100 and copper specimens is the presence of a significant background signature. In IN100, as well as in other engine materials such as Ti-6A1-4V, the magnetic signature is not entirely negligible in the unpeened specimens and does not completely vanish in the shot-peened specimens after complete stress release. This background signature is caused by the anisotropic texture and inhomogeneity of the specimen, and it is the subject of a separate study [32] . It should be mentioned that a similar, though somewhat weaker, signature was also observed in cold-rolled copper specimens, so the material was annealed before shot peening to eliminate this adverse feature. In this respect, the IN100 measurements are more representative of a real application, in which the base metal is not necessarily homogeneous or texture-free even before surface treatment. Currently, efforts are underway to establish the most effective methods of baseline compensation based on the specific features of the baseline signature. Fig. 15 . Thermal relaxation of the integrated residual stress, integrated cold work, and peak-to-peak magnetic signature in copper C11000 for different Almen intensities.
Conclusions
This paper presented experimental results that illustrate the potential of a new NDE technique to detect plastic deformation and the presence of residual stresses, which are very difficult to characterize by other, conventional NDE methods. It has been found that the noncontacting thermoelectric method can be used to characterize the relaxation of the prevailing residual stress in shot-peened metals. This novel method is based on magnetic detection of local thermoelectric currents in the compressed near-surface layer of metals Fig. 16 . Average peak-to-peak amplitude of the magnetic signatures recorded on IN100 nickelbase superalloy specimens versus peening intensity before and after partial stress release (∼ 2.5
• C/mm temperature gradient).
when a temperature gradient is established throughout the specimen. Beside the primary residual stress effect, the thermoelectric method is also sensitive to the secondary "material" effects of shot peening (local texture, increased dislocation density, hardening), but it is entirely insensitive to its "geometrical" by-product, i.e., the rough surface topography. Our experimental results in copper indicate that the developed method is more sensitive to residual stress effects than to the secondary material effects, but unequivocal separation of residual stress relaxation from the parallel decay of secondary cold-work effects is generally not feasible. However, since the ratio of residual stress to cold work is determined primarily by the material and the specific surface treatment used, the thermoelectric method still offers the unique capability of nondestructively monitoring thermomechanical relaxation below the treated surface. Preliminary results on IN100 nickel-base superalloy were also presented to demonstrate that the proposed method might be applicable to a wide range of alloys, including high-strength, high-temperature engine materials.
